Mammary neoplasms are the most common tumors in female dogs. They are usually treated using solely surgical mastectomy-which is recognized as unsatisfactory in many cases. Given this, the benefits of chemotherapy in dogs with mammary cancer need to be further explored. Some drugs that can be used for treating canines with mammary tumors may be substrates of uptake and/or efflux transporters such as the ATP-binding cassette (ABC) transporters. Unfortunately, very little is known regarding the pathobiology of such proteins in canine tumors, including mammary cancer. Accordingly, this study was designed to characterize the expression of ABC transporters Pglycoprotein, MRP1, and MRP2 and their relation with clinicopathologic factors in order to allow a better understanding of their influence in canine mammary cancer. P-glycoprotein was expressed in tumors from 55.8% of patients, while MRP1 and MRP2 were expressed in 37.2% and 39.5% of tumors, respectively. P-glycoprotein expression showed to be related with regional lymph node spread (P = 0.0038), as well as with tumor grade (P = 0.0353) and with a shorter survival (P = 0.0245). MRP1 revealed a strong association with a higher histological grade (P < 0.0001) and overall survival (P = 0.0002). Additionally, MRP1 was determined as prognostic indicator independent of lymph node status using Cox proportional-hazards regression multivariate analysis (P * Corresponding author.
Introduction
Mammary tumors represent the most common neoplasm in intact female dogs and approximately half are considered as malignant. Canine mammary carcinomas (CMCs) have heterogeneous features that make it difficult to determine patient prognosis [1] [2] . Studies regarding mammary tumors in dogs aimed at defining a more precise prognosis by evaluating different tumor characteristics such as oncogenes/oncoproteins [3] [4] and tumor growth or suppression related features [5] [6] . However, despite the many achievements regarding the understanding of CMCs pathobiology, much remains unknown.
Treatment for canine mammary tumors usually is restricted to surgical mastectomy-which is recognized as unsatisfactory in many cases [2] . However, there are neither studies with large case series that prove the benefits of chemotherapy for canine cancer nor consensus on which drugs must or may be used. Since different individuals with a similar disease may present different responses to the same drugs due to individual aspects, it is important to understand which cellular components of tumor cells can interfere in drug response. In humans, much has been learned about ATP-binding cassette (ABC) transporters, with different cancers presenting with alterations in such cellular components, leading to failure of cancer chemotherapy [7] - [11] . Initially discovered as chemotherapeutic drug-efflux pumps, ATP-binding cassette (ABC) superfamily of transporters represents the largest family of transmembrane proteins [9] . ABC transporters facilitate translocation of heterogeneous substrates including metabolic products, lipids and sterols, peptides and proteins, saccharides, amino acids, inorganic and organic ions, metals, and drugs across the membrane by using energy from ATP hydrolysis [12] .
Since the concept of personalized medicine is being progressively applied to veterinary medicine, we can expect that ABC superfamily members may be increasingly evaluated in small animal oncology in a near future in order to promote a more accurate treatment. However, it is not widely understood whether ABC superfamily members have an influence on canine mammary tumors' pathobiology. Additionally, MRP2 expression was not previously evaluated in canine mammary cancer. Accordingly, in this study we aimed to evaluate the immunoexpression of ABC superfamily members in CMCs in order to address their potential prognostic implications in such tumors.
Materials and Methods

Patients
A prospective series of 43 cases of primary canine mammary tumors in adult females presenting from 2011 to 2013 was used. Surgical specimens were fixed in 10% neutral buffered formalin and embedded in paraffin wax. Sections (3 µm thick) were obtained and stained with hematoxylin and eosin (HE) for histological examination.
Follow-Up
Patients were followed up for a period of 18 months and overall survival was taken as the time (in months) from the date of the primary surgical treatment to the time of death.
Histopathological Evaluation
Tumors were classified according to the World Health Organization (WHO) criteria for canine mammary neoplasms [1] . Histological grade [13] and lymph node status were also evaluated.
Immunohistochemistry
For ABC transporter proteins, 3 µm thick histologic sections were obtained, deparaffinized, and rehydrated. Immunohistochemistry was performed by using a polymeric labeling detection system (Novolink Polymer Detection System, Novocastra Laboratories, Newcastle, UK). Antigen retrieval was carried out by heat treatment in 10 mM citrate buffer pH 6.0 for all primary antibodies. Subsequent endogen peroxidase and protein blockages were performed according manufacturers' instructions. All slides were then overnight incubated at 4˚C with the specific primary antibodies. Then, the slides were immersed with the detection systems following the manufacturer's instructions. Subsequently, 3, 3' diaminobenzidine tetrahydrochloride (DAB) was used as chromogen in order to allow the visualization of antigen-antibody reaction. Slides were counterstained using Harris's hematoxylin, dehydrated, and mounted for evaluation and light microscopy. Antibodies data are presented at Table 1 . All series included know positive cases as positive controls. Negative controls included replacement of the primary antibodies with non-reacting antibodies of the same subclass.
Samples were defined as positive when more than 10% of cells revealed immunoreactivity. Slides were evaluated by two independent observers blinded to patient characteristics and outcome. All cases with discrepant results were discussed during observation with a double-headed microscope, and a consensus was reached.
Statistical Analysis
Associations between the expression of the different ABC superfamily proteins and with clinicopathologic features were assessed by using Fisher's exact text when compared variables had exactly two groups (2 × 2 contingency tables), such as LN status (positive or negative), and by using the X 2 test for categorical variables such as histological grade and tumor histotype. Survival curves were estimated using Kaplan-Meier product-limit method, and the significance of differences between survival curves was determined using the log rank test. Multivariate analysis was performed by Cox proportional hazards regression modeling. All statistical tests were two sided, and statistical significance was accepted at the P < 0.05 level. All analyses were performed using the Prism GraphPad software version 5.0 (San Diego, CA). (Figure 1 ) and MRP1 (Figure 2 ) expression was mainly membranous but frequently associated with cytoplasmic positivity, whereas MRP2 expression was weak and mainly cytoplasmic. In all cases they were consistently expressed by luminal mammary cells (Figure 3) . No associations were observed between ABC transporters and tumor histotype. A positive association between P-glycoprotein and lymph node status (P = 0.0038) was found, as well as with tumor grade (P = 0.0353). MRP1 revealed a strong association with a higher histological grade (P < 0.0001). No relations between MPR2 and clinicopathologic features were observed. Results regarding tumor types, histological grade, and lymph node status according to P-glycoprotein, MRP1, and MRP2 expression are summarized in Table 2 .
Results
P-glycoprotein
Association between ABC Transporters and Survival
Overall patient survival rates were determined using the log rank test with respect to expression of ABC transporters. P-glycoprotein was found to be significantly associated with a poor outcome (P = 0.0245) (Figure 4(a) ), as well as MRP1 (P = 0.0002) (Figure 4(b) ). However, no significant difference in patient outcome was found with respect to MRP2 (Figure 4(c) ) (P = 0.2548). Additionally, MRP1 was determined as prognostic indicator independent of lymph node status using Cox proportional-hazards regression multivariate analysis (P = 0.0216). 
Discussion
Several ABC transporters are implicated in multidrug resistance and are recognized causes for failure of cancer chemotherapy [7] - [11] . This is the case of ATP-dependent drug efflux transporter P-glycoprotein (P-gp or ABCB1) whose expression on tumor cells has been identified to be a well-recognized mechanism of cancer multidrug resistance by decreasing intracellular drug accumulation [9] . In the cases herein studied, ABC transporters expression was confined to mammary luminal cells. Other authors [14] revealed immunoexpression of P-glycoprotein in myoepithelial cells, differently from what was observed in this study. This feature probably occurred due to the use of the C219 clone by such authors-an antibody clone which is known to display cross-reactivity with a number of other proteins [15] . In order to avoid such cross-reaction, we used a more specific clone in order to produce more accurate results.
This study addressed the potential prognostic role of ABC transporters P-glycoprotein, MRP1, and MRP2 in a series of 43 canine mammary tumors. Given the function of drug transporters and their capability to extrude toxins, drugs, and physiological substrates from cells [16] , a clear definition of their prognostic role is not straightforward to achieve. A possible role of ABC transporters protein expression in canine mammary cancer has previously been studied [6] [14] [17] , but the results are not conclusive. In humans, data are also controversial. Some authors reported a loss of MRP1 expression in poorly differentiated histology cases, suggesting that MRP1 loss is associated with loss of differentiation [18] [19] . In contrast, an association of MRP1 and MDR1/P-gp increase with tumor stage had also been suggested [20] - [22] , similarly to what was observed in this study and consequently suggesting that MRP1 and P-glycoprotein expression had an implication in disease outcome.
MRP1 and MDR1 have been shown to confer multidrug resistance in vitro in human cancer cell lines [23] - [25] and also in canine mammary cell lines [26] . Additionally, they were shown to be associated with poor patient outcomes and/or chemoresistance in different canine tumor types [27] [28] including mammary tumors [6] . In the present study, we had analyzed the protein levels of MDR1/P-gp, MRP1, and MRP2 and found that P-gp and MRP1 levels were higher in tumors with higher histological grade and regional lymph node metastasis, as well as an association with shorter survival, in line with results which characterized P-gp as a prognostic indicator in canine mammary tumors [6] .
A number of studies have been carried out on the changes in MRP2 expression in human tumors including colorectal carcinoma [29] , lung [30] , and breast [31] cancers, which may be associated with their resistance to chemotherapeutic agents. Since MRP2 is involved in the efflux of various anti-neoplastic agents, these findings can indicate that neoplastic cells can acquire drug resistance through the increased MRP2 activity. Since there are no data regarding the expression of MRP2 in canine mammary tumors, it is not possible to directly relate such ABC transporter with drug resistance in the species. When it comes to prognosis, we find no relation of MRP2 with clinicopathologic features. This is in line with studies which evaluate MRP2 expression in human cancers [32] [33] .
Overall, our results suggest that P-glycoprotein and MDR1 not only be promising candidate markers for a validation study on therapy outcome but also they may play a significant role in the course of canine mammary cancer progression.
